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Abstract Patients and staff in hospitals are exposed to a complex sound environment with rather high noise levels. In intensive care units, the main noise sources are hospital staff on duty and medical equipment, which generates both operating noise and acoustic alarms. Although noise in most cases is produced during activities for the purpose of saving life, noise can induce significant changes in the depth and quality of sleep and negatively affect health in general. Results of a survey of hospital staff are presented as well as measurements in two German hospital wards: a standard two-bed room and a special Intermediate Care Unit (IMC-Unit), each in a different Intensive Care Unit (ICU). Sound pressure data were collected over a 48 hour period and converted into different levels (LAFeq, LAFmax, LAFmin, LAF 5%), as well as a rating level LAr, which is used to take tonality and impulsiveness into account. An analysis of the survey and the measured data, together with a comparison of thresholds of national and international regulations and standards describe the acoustic situation and its likely noise effects on staff and patients.                   
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1. Introduction Patients and staff in hospitals are exposed to rather high noise levels.  [1]-[3] Furthermore, it seems that both day and night-time noise has been increasing in hospitals since the 1960’s [4], due to the increase in the use of medical devices. In intensive care units, the general high noise level results from three factors: a high level of background noise, staff activity, and acoustic alarms of monitoring and therapeutic devices.  [5]-[8] The improvement in medicine and in medical equipment has resulted in an increased number and variety of very specialised equipment used in intensive care units. These machines produce an acoustic cocktail of alarm signals. [1],[9] Many non-vital alarms have an unnecessarily high sound intensity, which means that vital alarms could go unnoticed. [2],[10] Often, the staff working on an ICU cannot adjust the volume of alarms.  Additionally, the staff itself is an important source of noise. In performing their work, they produce noise either automatically (for example by walking around) or accidentally (for example by dropping metallic objects on the floor). [2] Patients often consider the noise resulting from staff activity to be a major stress factor. [11]-[14]  Usually, the materials used to cover walls and ceilings are highly sound-reflective and have low acoustical absorption, resulting in build up of reverberant noise. Due to the long reverberation, resulting from the required use of special materials in intensive care units, the problems associated with noise pollution for personnel and patients are further exacerbated. A high sound level in the wards conflicts with patients’ needs for peace and quiet. [3] As a result of the high demand for staff and medical devices in intensive care units, the special noise environment of the ICU is a permanent influence on multiple health factors for patients, including effects on the cardiovascular system and the quality of sleep. Sudden and impulsive noises exceeding the background noise level by more than 30 dB(A) (such as an alarm activation) can cause an increase in heart rate, breathing rate and oxygen requirements. [14]-[18]   
 
Fig. 1. Question: Do you find the noise situation in the work 
place uncomfortable or disruptive?  
Noise also can induce important changes in sleep depth and a subjective deterioration of sleep quality. [19],[20] A noise with a sound pressure level of 60 dB(A) already has a high probability of waking healthy people, whereas elderly and ill persons are potentially more sensitive to sound disturbance. [6],[21],[22] However, the sound pressure level alone is not sufficient in order to describe the effect of noise on sleep disruption. The impulsivness, the information content as well as the frequency composition of noise also has substantial influence. [23] But most of all, noise with a strong difference between baseline and peak causes people to wake. This implies steady and broad-band noise acts as masking and can hide quieter impulsive sounds. Because an ICU representing a situation with a high background noise, in these investigating a sound pressure level of 70 dB(A) has been assumed as a potential wake-up threshold according to Refs. [24] and [25], provided that the noise significantly exceeds the given background level.  For hospital staff, the combination of workload, fatigue, and a sense of responsibility can cause high-stress situations. Noise potentially increases existing psychological stress and can cause loss of concentration. [1],[26],[27] This paper presents an investigation based on a survey and measurements of noise in a two-bed room and a four-bed Intermediate Care Unit (IMC-Unit) in a German hospital.   
2. Staff survey A survey of the acoustical situation was conducted to gather information on staff members’ subjective assessment of noise in intensive care units. 21 hospital staff members, including 14 nurses and 7 doctors, completed the survey.  Fig. 1 shows that more than 80 % of the staff during all 3 shifts felt disturbed by noise, with slightly higher reported values in the morning and night shifts. 76 % of the interviewees reported being disturbed by noise generated by the operation and alert sounds of medical devices, as well as phones and other IT-equipment (Fig. 2). High noise levels influence people’s ability to communicate and concentrate.    
 
Fig. 2. Question a): Do operating noises and alerts of medical 
devices bother you? 
Question b): Do noises from phones or other  
IT-equipment bother you? 
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A similar survey in a Swedish ICU [1] concluded that more than 90 % of the staff felt that they might be negatively influenced by noise in the workplace. In a haematological cancer unit in a new building in Maryland, a survey [28] found that 83.3 % of nurses were dissatisfied with the effect that noise had on their ability to communicate with health care providers, and 91.7 % were dissatisfied with their ability to hear clinical conversation during their morning rounds.  
3. Description of measurements Measurements of sound pressure levels were taken in representative locations in an Intensive Care Unit. Additionally, sound pressure levels of the most important and frequently used medical devices were analysed.  The sound pressure level was measured by an integrated acoustic-level-analyser (DIN EN 60651 – standard [29] precision class 1) through a condenser microphone with spherical characteristics. Using the DIN EN 60651, one representative location was chosen in each enclosure. The measured data were recorded over a 48-hour period (a total of 6 complete work-shifts) with “fast” as well as “impulse” integration time and the spectrum was A-weighted. The energy equivalent continuous level (LAFeq), the maximum level (LAFmax), the reference for high levels (LAF 5%), the minimum level (LAFmin), as well as the rating level (LAr) were measured and calculated, respectively. The rating level according to DIN 45645 (Part 2) [30] was calculated as 
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where:  Tr … evaluation time range      (in our measurement 8h) Ti … time segment (trigger: 110 ms) n … number of time segments LAFeq,i … A-weighted energy equivalent sound   pressure level “fast mode” LAIeq,i … A-weighted energy equivalent sound     pressure level “impulse mode” KI,i … coefficient for impulsiveness      (KI,i  =  LAIeq,i – LAFeq,i ) KT,i … coefficient for tonality.  This is a specific level for workplaces for an eight-hour shift. The coefficient for tonality is KT = 3 dB or 6 dB if a tone is clearly audible over the background noise. A simple tone in a third-octave band analysis is audible if the level is 3 dB higher than the continuous level. The coefficient for impulsiveness KI can be calculated as the difference between LAIeq and LAFeq. The advantage of the rating level LAr is that it can be used to assess the psychological effects of tonality and impulsiveness. In the German Regulation for Places of Work [31] and the VDI 2058 [32] maximum permitted values on LAr are defined. This will be discussed in section 4 in detail.    
 
Fig. 3. Course of the sound pressure level over 24 hours in a two-bed ward    
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4. Results and analysis of the data 
measured in wards Fig. 3 and Fig. 4 describe the acoustic situation and show the evolution of the sound pressure level during a 24-hour period starting at two pm. This included three 8-hour-shifts in a two-bed ward and in a IMC-Unit, respectively.  The IMC-Unit is a special four-bed ward for patients that need special observations by hospital staff after serious operations for a maximum period of 24 hours. Normally, these patients do not need as much medical equipment as other patients in an ICU. For example, they do not need artificial respiration. Consequently, an IMC has fewer medical devices as potential sound sources, and less noise compared to a normal ward such as the one containing the two-bed room. 
For each shift (noon, night and morning shift) the equivalent continuous sound pressure level LAFeq is calculated and added in the figures.  The sound pressure level LAF in the two-bed-ward varies dramatically, from a low of 44 dB(A) to a high of 95 dB(A). The background noise level is about 50 dB(A), without any significant reduction during the night shift. Typically, there are periods of 10 to 60 minutes showing an increase of the background noise level of about 5 to 10 dB(A) due to doctors’ consultations, shift changes, relatives’ visits or alarms from medical devices.  LAFeq is at about 59 dB(A) during the day shifts and reduced by about 4 dB(A) during the night shifts. Nevertheless, this reduced night-time level of LAFeq of 55 dB(A) is still a very high night level.   
 
Fig. 4. Course of the sound pressure level over 24 hours in an IMC-unit   The sound pressure level LAF in the IMC-unit varies from 36 dB(A) to 104 dB(A) (Fig. 7) and exceeds even the highest values observed in the two-bed room. In the IMC-unit the background noise level is rather constant at 39 dB(A) and significantly lower than in the two-bed ward. LAFeq is at about 53 dB(A) during the day shifts and is reduced by about 4 dB(A) during the night shift. It is approximately 5 dB(A) lower than in the two-bed room. It is similar to the two-bed room in that there are periods with dramatic increase in the background noise level of typically 5 to 10 dB(A). These periods often start with a serious alarm, which has a peak of up to 90 dB(A) with a small frequency 
range of 1.000 Hz, for example. After the alarm, there is typically the noise of working hospital staff. These peaks are an important factor in the quantity, distribution and fragmentation of patient sleep and stress. [19],[24],[33] The incidence of peaks was investigated more in detail: all peaks exceeding 70 dB(A) (a threshold which we regard as a reasonable wake-up threshold for healthy people) and with a significantly sound elevation above the background level were registered. Two peaks within a period of 4 minutes were considered as one event. The distribution of such peaks every hour for both wards is shown in Fig. 5.  
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Fig. 5. Distribution of peaks in the two-bed ward and the IMC-unit   In the two-bed ward, 287 events were registered – an average of 6 peaks per hour. However, the distribution of peaks during day is uneven. There are more peaks during the day and fewer at night. In the two-bed ward, in only 7 of the 48 hours were there fewer than 2 peaks, and only one with none. In the IMC-unit, 218 events were measured, producing an average of 4.5 peaks per hour and a similar distribution. In most cases, fewer than 2 events per hour occurred during the night shift (10:00 pm – 6:00 am). Nevertheless, in the first (second) night shift, there were still 12 (13) events with a noise peak level of more than 70 dB(A). During 48 hours there were only 7 hours without any peaks over 70 dB(A). 
To make further investigations, the parameters LAFmax, LAFmin, LAF 5% were calculated for one hour reference periods. The equivalent continuous level LAFeq and the rating level LAr were calculated by using reference periods of 8 hours, or one full shift. Because noise rather often includes sounds from alerts, which are marked by a narrow frequency band, a bias of 3 dB for tonality (KT,i = 3 dB) was applied. For a 48 hour period, the results for the two-bed ward (IMC-unit) are presented in Fig. 6 (Fig. 7).  
 
 
Fig. 6. LAFeq, LAFmax, LAF 5%, LAFmin, LAr in the two-bed ward   In all shifts, in the two-bed room LAFmax exceeds the high value of 71 dB(A) and goes up to as high as 95 dB(A). To investigate the incidence of levels above a threshold, percentile levels are very helpful. [34] Because the reference for high levels, LAF 5% is much lower than LAFmax, sound 
pressure levels approaching LAFmax are rather seldom. Furthermore, it is remarkable that even the minimum sound pressure level lies at rather high values, between 45 dB(A) and 50 dB(A).    
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Fig. 7. LAFeq, LAFmax, LAF 5%, LAFmin, LAr in the IMC-unit  LAFeq varies from 54 dB(A) to 60 dB(A) in all investigated shifts. Even during night time, the level is above 54 dB(A). This value dramatically exceeds the World Health Organisation (WHO) [35] recommended LAFeq level of 35 dB(A) for day-time and 30 dB(A) for night time, respectively. This finding agrees with investigations on other ICU’s [20],[34],[36] where significant exceedances of WHO thresholds were also determined. According to the American Environmental Protection Agency (EPA) [37] noise levels above 45 dB(A) should be avoided in hospitals. The measured data exceeds even this value during day and night shifts.  The rating value, LAr is between 62 dB(A) and 69 dB(A) during these 6 shifts. In VDI 2058-3 [32] the following thresholds for LAr are determined:   (1) LAr < 55 dB(A), for mainly intellectual or mental    work (2) LAr < 70 dB(A), for simple or mainly mechanised     office work and comparable     activities (3) LAr < 85 dB(A), for all other activities  Work performed by nurses is probably categorized as both mechanised and intellectual work, while work performed by doctors is foremost intellectual work. Since LAr exceeds the limit of 55 dB(A) during all investigated shifts according to VDI 2058-3, the noise level is too high to safely perform intellectual or mental work.  In the IMC-unit the maximum level LAFmax varies much more and is typically slightly lower than in the two-bed room. The minimum level LAFmin is significantly lower than in the two-bed room. This is clearly a result of the lower number of medical devices used in the IMC-unit. Despite this, the minimum level is still above 35 dB(A) and even during night time, LAFeq is above 48 dB(A). Thus, the maximum LAFeq limit of 35 dB(A) established by the WHO is considerably exceeded. 
Even the EPA threshold of 45 dB(A) is surpassed during day and night shifts. The rating level, LAr used to assess the acoustical conditions for the staff on duty is only slightly lower in the IMC-unit in comparison to the two-bed ward. But, this level is still higher than 60 dB(A) and thus, according to VDI 2058-3 [32] is still high enough to negatively affect intellectual work.  
5. Conclusions The investigation comprises a survey of hospital staff and the measurement of different noise levels in a standard ward two-bed room as well as in an Intermediate Care Unit of an Intensive Care Unit.  The survey showed that hospital staff (nurses and doctors equally) are stressed and disturbed by the complex mixture of different sounds produced by various alarms, by the operating sounds of medical devices, by the activities of the hospital staff itself, and by conversations of staff and relatives. These noises affect the ability to concentrate and to comprehend conversations. Noise measurements show that LAFeq varies dramatically from 44 dB(A) to 95 dB(A) in a two-bed room and 36 dB(A) to 104 dB(A) in an IMC-unit. In all shifts, the LAFmax exceeds values between 71 dB(A) and 95 dB(A) in the two-bed room and between 60 dB(A) and 104 dB(A) in the IMC-unit. Since peaks with a sound pressure level above 70 dB(A) cause healthy people to wake up and can produce stress and physical effects, the incidence of peaks exceeding the threshold of 70 dB(A) was investigated more in detail. Over 48 hours, 287 (218) events were registered in a two-bed room (IMC-unit) with an average of 6 (4.5) peaks per hour. Even in the situation with the fewest noises (at night in the IMC-unit) there were still 12 events with a peak of over 70 dB(A). 
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The rating level LAr was also investigated. This level takes the psychological effects of tonality and impulsiveness into account and is used in Germany to assess the acoustic situation in work-places. The analysis shows that across all shifts in the two-bed room as well as in the IMC-unit, the measured rating level LAr lies between 60 dB(A) and 69 dB(A), which is much higher than the recommended level for work that is mainly intellectual. However, for simple, mainly mechanised office work and comparable activities, the threshold is reached. In order to reduce the noise exposure on staff and patients, several active and passive measures are available. As acoustical alarms are much more effective than optical signals, there is no option in the near future of totally avoiding them. An improvement could be achieved through the standardisation and coordination of alarm signals and their volumes by producers of medical devices. [38] Through a thoughtful acoustical design of alarms and signals, the relative medical relevance of a signal could be better identified. In addition, research should be undertaken to establish how the operating noises of necessary medical devices (like mechanical ventilation devices) can be reduced. In order to achieve a reduction of noise related to staff activities, education campaigns should be the first step, in order to make staff conscious of their own noise production. Following that, changes in working procedures should be integrated. The final goal is conscious behaviour and better adaptation to the situation. Examples are the use of an appropriate tone of speech and switching off technical devices such as radios and televisions. Dimming lights at night also encourages quiet behaviour. [39] Furthermore, designated “quiet times” (for example, at night) during which noisy activities would be prohibited, could also be implemented. Pilot projects using these measures have shown to produce positive effects in reducing noise. [20],[27],[39],[40],[41] A passive noise reduction measure is to minimize the reverberation time in the ICU-wards. For the IMC-Unit we calculate a very high mid-range frequency reverberation time of 1.8 s  (volume of 125 m³, linoleum flooring, special sanitary wallpaper for walls and ceiling), even taking the absorption by 4 patients and furniture into account. In a similar room, the suggested reverberation time for spoken communication is 0.6 s. We see here great potential for improvement. Preliminary research on the use of special sound-absorbing materials in ICU’s confirms the positive impacts of this measure. [28],[42] Another cost-effective alternative is the use of earplugs or earmuffs, which has also been subjected to research. [43],[44] It should be noted that this measure only applies to hospital patients and not to hospital staff.  Finally, the use of sound masking systems (producing random noises, ocean sounds or special music) should be considered. These don’t reduce noise levels, but, by reducing the distance between the background noise level and the level of disturbing noises, they reduce the overall level of 
disruption. Preliminary studies of these technologies, with a view to improving sleep quality, have likewise been performed. [25],[45] In conclusion, this survey could be seen as the first step in a more complete study across several European Countries with the aim to provide a European overview of the noise situation in ICU’s. In this context, selected noise mitigation measures should be tested in an interdisciplinary approach involving doctors and acoustical experts. First contacts have been taken with an Italian hospital (Ospedale Generale di Bolzano, Bolzano) and a Spanish hospital (Hospital del Sureste, Arganda del Rey, Madrid).   
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